In-situ grown graphene/SiC composites developed by spark plasma sintering have emerged as a very interesting family of materials with expected high performance for advanced applications. In this work, the local functional properties of graphene/SiC ceramics are elucidated for distinct α-and β-SiC polytypes combining scanning probe microscopies. We unambiguously identify all composite constituents and demonstrate the formation of a three-dimensional graphene conductive network inside the composite. The investigated composites exhibit grains with different doping level depending on growth rate during sintering so that conduction paths associated to graphene and matrix networks may compete. The relevance of nanoscale characterization on functional graphene/semiconductor materials is proved as it evidences the type of doping and carrier concentration of the semiconductor and the critical role played by the graphene constituent in the formation of ohmic contacts. Both issues of crucial importance for understanding the macroscale behavior of these materials and determine their applications. 
Introduction
For years, silicon carbide (SiC) has raised constant attention because of its multiple applications due to attractive mechanical, thermal and electric properties [1, 2] . The interest expands from uses as structural polycrystalline material taking advantage of its thermal, mechanical and tribological properties for friction and wear components, in aerospace applications and for thermal management systems, to functions as a semiconductor single-crystal material in electronics, where its high thermal conductivity, electrical field breakdown strength, and maximum current density make it a promising candidate for high-powered devices at elevated temperatures. As semiconductor element in electronic devices, the capability of changing the SiC dielectric properties through doping is a very important consideration. In fact, it can be n-type doped by nitrogen or phosphorus and p-type doped by aluminum, boron, gallium or beryllium. Moreover, SiC exists in a large number of polytypes or crystalline forms with diverse characteristics. The most common in commercial uses is the alpha silicon carbide (α-SiC) that refers to hexagonal (nH-SiC) and rhombohedral polytypes (nR-SiC). The cubic 3C-SiC or beta modification (β-SiC) is formed at lower temperatures and has a zinc blende crystal structure (similar to diamond). The electronic characteristics (bandgaps, mobility) of the different polytypes depend on the type and level of doping.
The addition of nanometer sized carbon allotropes (carbon nanotubes and, in particular, graphene) is being nowadays the focus of attention of diverse investigations devoted to improve and modulate the mechanical and electrical performances of these materials for micro-electromechanical devices (MEMs). Akin, the role of epitaxial graphene on SiC in the characteristics of the solid electrolyte interphase surface [3] and, more recently, the relevance of surface graphitization to activate the electrochemical performances of nanostructured SiC [4] have demonstrated its potential as anode material in lithium storage batteries. On the one hand, epitaxial graphene (EG) grown on single-crystal SiC substrates by different approaches (CVD, elevated heating…) under ultrahigh vacuum (UHV) conditions has been extensively studied [5] [6] [7] . In fact, most investigations on thickness controlled graphene creation through elevated heating of SiC have relied on such clean UHV conditions. On the contrary, exploitation of graphene synthesis under non-UHV and, in particular, under the extreme conditions of the spark plasma sintering (SPS) is very scarce. In a previous work [8] , we demonstrated that EG formed during densification of SiC powders by SPS method on the surface of the SiC grains due to the low oxygen partial pressure and the high temperature in the SPS chamber aided by the current flowing along the SiC specimens. This interesting phenomena occurred for different SiC materials including α-(mainly containing 6H and traces of 4H and 15R polytypes) and β-(3C polytype) SiC, but the kind of SiC polytype and original powder size had a strong influence over the in-situ formed graphene characteristics (flake size and graphene quality, with a larger amount of disordered stacking in the nano-size powder) and on the electrical conductivity of these graphene/SiC composites. For instance, the amount of defects in the formed graphene depended on the original SiC grain size, whereas the electrical conductivity of the composites depended on both the polytype and the SiC grain size, varying from 8.3 x 10 -5 S·m -1 for the α-SiC material to 1.02 x 10 2 S·m -1 for the nanosized β-SiC (see Table 1 where the properties and characteristics of these composites are collected). More recently, results on the contactmechanical properties at pre-creep temperatures (850 °C) for these composites have demonstrated quantitative differences associated to the microstructure [9] . In order to further explore the capabilities of the SPS method to design and fabricate SiC materials with tunable conductivity for high performance electromechanical micro-devices, we explore here the local properties of such graphene based nanocomposites evidencing the key roles of polymorphism and initial size of the SiC ceramic powders, and their doping on the microscale conducting behavior. This new understanding is of paramount importance to straightly link the nanoscale behavior to the macroscale performance of these materials in different applications either for friction purposes or for electronic devices and batteries.
The intrinsically nanometric dimensions of the graphene related materials makes the use of nano-scale scanning probes particularly worthy for their characterization. A combination of Scanning Force Microscopies (SFM) has been employed for differentiating primary and secondary phases in SiC ceramics, distinguishing the graphene component and determining its spatial distribution, as well as elucidating the electrical and frictional responses of each composite constituent. The capabilities of this combined strategy have been successfully employed for the study of laterally heterogeneous surfaces exhibiting coexistence of surface regions with clearly differentiated electrical properties [10, 11] . SFM in its lateral force mode (also known as Friction Force Microscopy, FFM) has been used to identify the diverse constituents via their different mechanical responses. Other SFM variants using conductive probes, namely conducting SFM (CSFM) and Kelvin probe force microscopy (KPFM), have been employed to obtain the local electric current and surface potential (or contact potential difference, CPD) without changing surface location and, therefore, allowing unambiguous correlation of all these magnitudes for each constituent. The electrical response of the in-situ graphene flakes in these composites indicates that they are connected and form a conducting three-dimensional (3D) network, whereas the SiC matrix shows a semiconductor character with n-type or p-type doping depending on the particular composite.
Materials and methods
SiC materials were prepared from three different starting powders: α-SiC (S-2022, CERAC, d 50 = 0.78 μm, polytype 6H), β-SiC (BF-17A, HC-Starck, d50 = 0.5 μm, polytype 3C), and nano-β-SiC (NanoArmor, NanoArmor, d 50 = 45-55 nm, polytype 3C), using 5 wt.% of Y 2 O 3 (Grade C, H.C. Starck GmbH & Co., Germany) and 2 wt.% of Al2O3 (SM8, Baikowski Chimie, France) as sintering additives. The SiC and additive powders were mixed by attrition milling in ethanol for 2 h using Si3N4 grinding media. Solvent was evaporated from the suspensions in a rotary-evaporator at 90 °C and the resultant mixture was oven dried at 120 °C and then sieved through a 63 μm mesh. The mixtures were spark plasma sintered (SPS-510CE, SPS Syntex Inc., Japan) into discs of 20 mm in diameter and 3 mm thickness using a heating rate of 133 °C·min -1 , an uniaxial pressure of 50 MPa and a holding time of 5 min, under 4 Pa of vacuum atmosphere, at temperatures ranging from 1800 and 1850 °C. The sintered specimens were cut into slabs and polished using silicon carbide paper and successive diamond compounds as the standard procedure to get mirror finished surfaces.
Micro-Raman maps were recorded on cross sections of the different specimens by confocal Raman-atomic force microscopy (AFM, model Alpha300 WITec GmbH, Germany), using the 532 nm laser wavelength excitation, and an acquisition up to 3000 cm −1 . The microstructure of the specimens was observed by field emission scanning electron microscopy (FESEM, S-4700, Hitachi, Japan) of polished and plasma etched surfaces.
Scanning force microscopy (SFM) measurements were performed under low humidity conditions (< 5% RH, obtained by a continuous N2 gas flux) using a commercial head and software from Nanotec [12] . Borondoped diamond coated Si probes were used for all SFM measurements presented here. These tips exhibit a good electrical conductivity and resistance to wear, making them appropriate for hard samples analysis. On the other hand, their contact resistance (about ten k on metallic surfaces) is adequate for experiments on resistive samples. An intermediate cantilever spring constant (k= 3.0 N m -1 ) was chosen as a compromise to have the same probe for contact SFM operation (FFM and CSFM) and dynamic imaging during KPFM. In this work, FFM [13] has been used to assess the chemical differentiation between composite constituents during contact mode measurements. CSFM [14] was used to obtain direct tip-surface conducting response whereas KPFM [15, 16] in the lift mode was used to accurately determine local variations in surface contact potential difference (SP). For each sample, distinct nanoscale characterizations were made on exactly the same locations to correlate local properties for the different constituents. Tip-sample conditions were systematically checked by force versus distances curves. The same tip was used in all the experiments of 6 at least one series. Experimental details of these measuring modes and the particular set-up employed are given in the Supplementary Data and can be found elsewhere [17] [18] [19] [20] .
Results and discussion
The characterization of the investigated composites by XRD [8] revealed that no phase transformation occurs during sintering and that the secondary phase crystallizes as Y3Al5O12 (YAG) or YAlO3 (YAP) in both graphene/α-SiC (G/α-SiC) and graphene/β-SiC (G/β-SiC) composites. Conversely, it remains amorphous for the graphene/nano-β-SiC (G/nβ-SiC) material owing to the higher oxygen content of the original powders (i.e., 4.1 wt.% oxygen in nβ-SiC vs 1.2-1.7 wt.% in α-SiC and β-SiC, respectively) [8] , therefore shifting the grain boundary phase composition to the glass-forming region of the Al 2 O 3 -Y 2 O 3 -SiO 2 phase equilibrium diagram [21] . In addition, the higher content of liquid phase developed at the sintering temperature for G/nβ-SiC compared to the other two composites (i.e., 14.2 wt.% vs ~10.0 wt.%) [8] , importantly enhances grain growth kinetics so that the final SiC grain size increases from the starting mean value  0.050( 0.005) µm up to ~ 0.400 µm upon sintering. For this material, a high level of p-doping is expected since grain growth during liquid phase sintering of the ceramics takes place by a solution-precipitation process in which atoms of the additives, aluminum and yttrium in this case, enter the SiC grains forming a solid solution rim that controls the electrical conductivity response of these polycrystalline materials. Conversely, SiC grain size in G/α-SiC and G/β-SiC (1.11 µm and 0.54 µm, respectively) remains close to the starting values (0.80 µm and 0.50 µm, respectively) and, therefore, lower doping levels are expected for them. Representative FESEM images of the microstructure of the three materials are shown in Fig. 1 , where the grains size differences among them are clearly perceived. The sub-micrometric morphology of the mirror like polished G/α-SiC composite surface is shown in Fig.2a and consists of extremely flat areas where the fine straight polishing lines conceal the grain microstructure.
Conversely to this relatively featureless topography, lateral force images (Figs. 2c and 2d) reveal dramatic contrast indicating the presence of three species with different mechanical properties. According to the interpretation of FFM imaging (see Supplementary Data) darker/brighter contrast in the forward image ( Fig.   2c ) indicates lower/higher friction. Therefore, regions with no defined shape and undistinguishable in topography (e.g. black arrows) have a considerably lower friction than the surrounding surface (α-SiC phase) whereas material protruding from the surface plane (e.g. white arrows) presents higher friction (see also Figs. S1 and S2 in the Supplementary Data). As it has been already reported for similar [8] and other as-polished graphene-based ceramic composites [22] , namely graphene/Si 3 N 4 , the protruding material corresponds to the graphene flakes at the SiC grain boundaries that constituting a 3D network within the bulk composite result exposed to the surface after cutting and polishing. Analysis of friction for diverse few layer graphene (FLG) outcropping at inter-grain sites as a function of thickness and tip scanning direction (see Figs. S3 and S4 in the Supplementary Data) reveals that weakly bounded graphene exhibits a much larger friction than strongly attached layers and the thicker the flake the lower the friction. These observations agree well with results on the structural and frictional properties of isolated FLG, either epitaxialy grown on SiC single-crystals or transferred (after mechanical cleavage of graphite) to Si or SiO2 substrates [23] [24] [25] [26] [27] indicating that the frictional force decreases with increasing number of graphene layers. Figs. 2c and 2d, respectively) has a calculated friction (Fig. 2b ) of about 50% lower than the majority α-SiC phase. Though, in general, direct relationship between friction and crystallinity remains unclear, we ascribe these low friction regions to the crystalline secondary phase (YAG) in G/α-SiC because they constitute an estimated  5% areal fraction of the overall surface (see Fig. S1 in the Supplementary Data) in excellent agreement with the added volume fraction of secondary phase ( 5 vol. %) in this composite [8] .
As a novelty and for a comprehensive description of the local properties, KPFM and CSFM have been combined here with FFM in the very same sample region of the composites. During the past years, KPFM has been used to provide thickness dependent charge screening and local doping in exfoliated graphene supported on SiC and SiO 2 substrates [28] [29] [30] [31] [32] and in graphene films grown on SiC(0001) by thermal decomposition synthesis [23, [33] [34] [35] [36] . CSFM has demonstrated powerful capability for measuring local current in epitaxial and exfoliated graphene systems [37] [38] [39] [40] [41] and in different types of composites containing graphitic networks, e.g. G/polymer composites [42] , and G/SiC [8] , G/Si 3 N 4 [22] , and CNTs/Si 3 N 4 [43] ceramic composites.
As it can be observed in Fig. 3 , there is a strong correlation between topography (Fig. 3b ), lateral force (Fig.   3c ), current (Fig. 3d) , and surface potential (Fig. 3g) images of the same G/α-SiC specimen. Fig. 3a shows the topographic relief of a graphene sheet (4 nm) taken along the segment drawn in the topographic image of Fig. 3b . This particular flake and some regions ascribed to the secondary phase can be easily identified in the lateral force images of the selected area shown in Fig. 3c . For the applied voltage (Vtip =  1 V) current readout is obtained only over graphene flakes (Fig. 3d) , which show a linear symmetric I-V response as corresponds to ohmic elements (Fig. 3e) . Because of our CSFM set-up, in which the current is measured using a macroscopic electrode placed millimeters apart from the tip-sample contact (see Supplementary Data), the fact of detecting current at graphene sheets embedded between the matrix grains indicates that these flakes are electrically connected and form part of a conducting network within the composite. The heterogeneities in the current map arise from the quality of each particular flake as demonstrated by additional measurements (Figs. S5 and S6 in the Supplementary Data). It is noticeable that, though no current is measured on the rest of the composite surface at the applied voltage ( 1 V), I-V curves obtained for a voltage range  10 V at the primary SiC phase show a clear n-type rectifying behavior (Fig. 3f) .
Comparison between all images permits unambiguously identifying the KPFM signals in Fig. 3g to the carrier concentration, influenced by the type and level of doping we argue that regions IV correspond to -SiC grains with distinct doping level. In Fig. 3h , SP over graphene is nearly zero, pointing to a work function close to that of bulk graphite ( 4.8 eV) [44] . On the other hand, SP is of  475 mV and  260 mV for the secondary and majority -SiC phases, respectively, while the doped grains have about 100 mV lower SP than the majority phase and, in consequence, are expected to have a higher conductivity. This hypothesis is demonstrated next. In Fig. 4 we present the simultaneously topography (Fig. 4a) , lateral force ( Fig. 4b) (only backwards image) and current map for a bias of V tip = + 1.7 V (Fig. 4c) .The current map taken on the same region at the reversed voltage V tip =  1.7 V is also shown (Fig. 4d) . At the applied voltages, neither the secondary phase (bright patches in Fig. 4b ) nor most of the -SiC exhibit any detectable signal in the CSFM maps. Current is only measured in graphene emerging at the grain boundaries (encircled in white at all images in the figure) and in some of the SiC grains (micrometric patches in the current images). Interestingly, for a given grain the intensity depends on the bias sign, being higher for V tip < 0 (Fig. 4d) than for V tip > 0 (Fig. 4c ) in all cases as corresponds to n-type doped SiC. Moreover, different grains exhibit different current values for the same voltage indicating distinct doping levels and suggesting incorporation of dopants during the sintering process. The possible influence of the grain growth and SiC polytype on the composite nanoscale properties has been addressed by similar measurements on samples obtained from β-SiC powders. Akin to the G/-SiC case, the graphitic component of the G/-SiC was detected at the SiC grain boundaries (Fig. 5) . The graphene sheets were identified by a large intensity in the current maps at Vtip =  1 V (Figs. 5d and 5e ) and a linear I-V response (Fig. 5b) . Because the large difference in conductivity between graphene (few A at  1 V) and the SiC matrix, no current was detected for the SiC grains (Fig. 5d ) unless a high amplifier gain is used (Fig. 5e ). Even at this magnification only  50-60% of the SiC grains conduct at the applied voltage ( 400 pA at  1 V). This result points again to the presence of grains with different levels of doping. Compared to those for the G/-SiC (Fig. 3f) , I-V curves taken at the β-SiC grains (Fig. 5c) show much lower rectification and slightly more current for positive than for negative voltages (p-type). The observed p-doping probably occurs by incorporation of aluminum, coming from either the starting powders (0.028 at. %, see Table S1 in the Supplementary Data) or the sintering additives. Despite there is not a significant increase in the mean grain size (i.e. d50 = 0.54 μm vs. 0.50 μm for the starting powder), there is a 25% increase in the number of grains above 1 µm in this G/β-SiC composite [45] . [46] . Moreover, some studies [47] have revealed that p-type impurities (e.g. B and Al) tend to stabilize the cubic structure (β-SiC) which also agrees with present observations. The comparatively higher resistance of the smaller grains points to a semiconductor gap larger than  2 V in the starting SiC particles, while grain growth by solution-precipitation seems to reduce this gap. Fig. 6d is a typical I-V with a marked p-type rectifying character measured on a SiC grain (see Fig.   S9 in the Supplementary Data for I-V curves on different grains). As in the other composites, graphene is perfectly identified at the inter-grain locations (indicated by black arrows in the images) by a high conductivity with currents of few microamperes. However, though quite symmetric in general, and contrary to that observed in the other two composites, the local I-V curves measured at the graphitic regions (Fig. 6c) are clearly non-ohmic, indicating that diverse weighing conduction mechanisms are involved in this case. These results demonstrate that, in this particular G/n-SiC composite, there are two competing conduction paths associated to the graphene and matrix networks, respectively, being the graphene one less resistive.
As a consequence, conduction through these connected networks leads to the non-ohmic response measured at graphene flakes (Fig. 6c) conversely to the linear I-V response they show in G/-SiC (Fig. 3e) and G/-SiC (Fig. 5b) . A quantitative comparison between the current measured at + 1 V for each composite on the graphene flakes (IG) and on top of the SiC grains (ISiC) is given in Table 1 , both increasing with the electrical conductivity measured at a macroscopic level,  e . Furthermore, IG is found to be 10 4 times higher for G/-SiC than for G/-SiC similarly to the corresponding macroscopic e. However, IG for G/n-SiC is very similar to that measured for G/-SiC but its  e is twenty times higher and, therefore, the conducting SiC grains must contribute at a macroscopic level in these composites. (Fig. 6e) and G/-SiC composites (Fig. 3h) . The non-ohmic I-V response measured at the graphene locations of G/n-SiC is manifested by a large work function (  5.0 eV) that contrasts with the obtained for graphene in the G/-SiC, with a value of   4.8 eV close to that of the B-doped diamond coated tip. Moreover, all constituents in the G/n-SiC compound present similar work function, supporting electrical interconnection. The  values for the crystalline secondary and majority phases of the G/-SiC clearly deviate from the graphene counterpart, which is responsible of most conduction in this composite (Table 1) . Apart from the opposite rectifying sign of SiC grains in each composite, we remark that the difference in the onset voltage value between both materials is related to their different band gap and, therefore, dependent of the doping level. In consistency with the expected, our results indicate that nβ-SiC has a smaller band gap and higher electron mobility than -SiC. The above results might be understood either by original doping of the powders or more probably by dopant incorporation during sample fabrication. The fundamental aspects of doping, i.e., the solubility of the impurity atoms, the mechanisms of impurity atom diffusion and incorporation to the lattice are highly dependent of material preparation. On the one hand, all SiC polytypes are susceptible of both n-and pdoping, being N and Al the most common dopants in each case [48] . On the other hand, the carbon enriched silicon carbide (-SiC) is known to be more suitable for p-type doping by incorporation of small amount of Al atoms substituting Si on the SiC lattice. The more significant doping observed for the G/n-SiC composite is likely related to the formation of an Al solid solution during sintering by a solution-precipitation mechanism, as it can be inferred from its higher grain growth. to the axial and planar coupled modes, respectively, become broadened, less intense and slightly shifted to higher-frequencies [49] , as observed in the Table 1 , where the intensity ratio between the LO and TO bands (ILO/ITO) clearly decreases for the β-SiC, especially for the highly doped G/nβ-SiC where it disappears. High doping during sintering occurs in the case of the nano β-SiC and therefore, a current path through the SiC matrix competes with the graphene network.
Results obtained for composites derived from different SiC polytypes emphasize the relevance for materials engineering of using novel sintering procedures, which eventually permit tailoring the doping type and carrier concentration of the wide band-gap semiconductor SiC, issues of crucial importance for high power and high temperature applications. Moreover, the strong experimental indication of the role of the graphene constituent in the formation of ohmic contacts in SiC, prerequisite for diodes manufacturing, makes these composite materials suitable candidates for electronic devices at the nanoscale.
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Conducting Scanning Force Microscopy (CSFM).
In CSFM, the conducting tip acts as a movable electrode which is placed in direct contact with the sample under controlled load, i.e. by using a normal force feedback, while measuring the current between tip and sample.
In our set-up, the current is measured between the biased SFM tip and a metallic counterelectrode clamp attached to the sample and directly contacted to ground. An external I-V converter (Stanford Research Systems) was used to access a wide range of compliance currents (1 pA to 1 mA). The conducting response of the samples was obtained following two different strategies: i) simultaneously acquiring topographic images z (x,y) and current maps I (x,y) over a given region at a given voltage, and ii) acquiring I-V curves at selected (x,y) locations on the surface (e.g. different composition regions). This procedure allowed localization of the conductive GNP phase and quantification of current transport through it.
We note, however, that though in all CSFM experiments the current is measured, it is not itself the magnitude of interest and, moreover, it depends on the contact area, which varies from tip to tip and depends as well on topographic aspects of the surface and the applied Whereas for topographic, lateral force and surface potential images the color code is the commonly used, bright for high and dark for low, for the current maps it depends on the voltage sign. Thus higher currents appear darker in CSFM images taken at negatives V tip , while brighter for positives V tip . Note that the joint use of KPFM and CSFM (and FFM) for characterizing the same surface locations guaranties local properties correlation but is challenging since requires passing from non-contact dynamic conditions at which the tip oscillates at some distance away from the surface to direct tip-surface contact at which the electric current (and friction) between tip and surface is measured. Figure S1 . Topography and lateral force images of the graphene/α-SiC composite. In spite of presenting reminiscences of the polishing (straight lines in the images), the morphology of the as-polished surface is extremely flat (see total scale) with a root means squared roughness of rms < 1nm over 25 m
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. No grain boundaries are detectable in the topographic image but their size and shape could be make out by the shape and distance between secondary phase regions, located at the primary phase grain boundaries as seen by FESEM (see main text). The ratio between secondary (dark/bright in lateral force forward/backward images) and primary phases is about 5% (average using different images taken over large areas) is also in agreement with these observations. These results reflect the extremely sensitive dependence of FFM on the materials structure and surface composition. This observation is important since it is known that the mechanical properties of composite materials are not merely determined by the intrinsic bulk properties of the individual components, but are known to particularly depend on specific details related to grain boundaries, grain size and defect density. A surface potential difference of about 265mV is measured (histogram at right) between the FLG and the surrounding SiC surface. Note the extremely homogeneous current measured over each FLG. Importantly, this homogeneity stands independently of the local thickness of a given FLG, which indicates an efficient transport between piled layers (low inter-layer resistance). However, the jump in current by a factor of  3.5 between adjacent flakes is indicative of the contact resistance between them, i.e. an inter-flake (lateral) resistance which is due to a interrupted continuity of the contact between flakes and visible as a discontinuity in topography. where the lower the resistance the darker the color. Vertical scales are in arbitrary units in both images that have been equalized. Though the graphene layers are not distinguishable in the topographic image, resistance data reveal their presence at some inter-grain pits circled in (c) and (d). On the other hand, high resistance is measured at some grains (red arrows in the bottom panels). Figure S9 . Set of IV curves obtained for the graphene/n-SiC composite. An area avoiding the presence of highly conducting graphene has been chosen for better showing the differences on conductivity of the ceramic matrix. All I-V curves were obtained for -3.5 V < V < + 3.5 V and their clearly asymmetric shape is ascribed to a p-type doping of n-SiC most likely due to Al incorporation from the initial additives. Depending on the specific grain a different apparent gap is indicative of a different doping level. 
